The development, in the early 1960s, of the dynamic nuclear polarization process in solid diamagnetic materials, doped with paramagnetic radicals, led to the use of solid polarized targets in numerous nuclear and particle physics experiments. Since then steady progress has been made in all contributing subsystems so that proton polarizations near 100% and deuteron polarizations higher than 50% have been achieved in various materials. More radiation-resistant materials, such as ammonia, have made it possible to perform experiments with high beam intensities and experiments that benefit from 4 He cooling at 1K and high magnetic fields. The development of dilution refrigerators have allowed frozen spin operation so that experiments with large angular acceptance for the scattered particles have become routine. Many experiments have taken advantage of these developments and many more are being planned, especially with electromagnetic probes.
INTRODUCTION
The advent of solid polarized targets in the early 1960s opened up a new era in the study of particle interactions. The first experiment with a polarized target was at Saclay (1), at low energy, and soon was followed by a high-energy experiment at the Lawrence Radiation Laboratory Berkeley (2) and a rapid expansion in the use of such targets at most laboratories in the world. The availability of the polarized proton and, then, deuteron (neutron) targets, whose spin could be oriented in any direction, allowed the detailed study of hadronhadron interactions. In interactions with spinless particles, such as π and K-mesons, the spin-sensitive part could be extracted and used to discriminate among various theories. Together with polarized nucleon beams it became possible to study extensively the nucleon-nucleon interaction. The motivation of this research program, which was mainly at lower energy laboratories such as the Japanese National Laboratory (KEK), Los Alamos Meson Physics Facility (LAMPF), the Swiss National Laboratory (SIN, now PSI), Saclay, and Argonne National Laboratory (ZGS), as well as at higher energies at CERN, was to probe and extend our knowledge of the specific details of spin dependencies of the various interactions and to check the theoretical models invoked to explain them.
Meanwhile there was less progress using polarized targets with electrons, due to limitations in technology and the limited gain in understanding of the underlying physics processes that polarizing only the nucleon could provide. However, at the Stanford Linear Accelerator Center (SLAC), development of a polarized electron beam meant that new regions of physics could be probed and, for the first time, an attempt could be made to use deep inelastic scattering (DIS) to measure the spin content of the proton carried by the quarks (3, 4) . 
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At the same time, however, polarized proton and deuteron (neutron) targets were operated at the University of Bonn, the UK Laboratory for Nuclear Science, Daresbury, DESY, Kharkov in Ukraine, and Tokyo (INS) to measure polarization observables with real (polarized) photon beams to improve the knowledge about the electromagnetic properties of baryon resonances.
Since 1962, the many technical developments in target materials, refrigerators, magnets, and associated equipment have meant that present-day targets can have high polarization, oriented in any specified direction, high polarizable nucleon content and resistance to radiation damage. These developments have made it possible to access progressively lower cross section interactions with better precision. This is highlighted in the measurements of the analyzing power A N in proton-proton elastic scattering from 24 -28 GeV/c. The first measurements at the PS at CERN (5) were made with limited beam intensity and propanediol as the target material. Radiation damage of the propanediol and limitations in the cooling of the target material restricted the beam intensity that could be used and, therefore, compromised the statistical precision for scattering at high P 2 ⊥ . The next experiment at the Brookhaven National Laboratory, AGS, (6) had improved 3 He refrigeration and used ammonia as the target material. This combination allowed a beam intensity of approximately a factor of 10 higher to be used and, therefore, led to improved precision on the measurements and the extension to higher P 2 ⊥ . A second experiment at the AGS (7) was able, with a new 4 He evaporation refrigerator and magnet system (8) and with ammonia still as the target material, to increase the usable beam intensity by another factor of 10 and further reduce statistical errors and extend the P 2 ⊥ range. This is summarized in Figure 1 . These experiments and others show how the emphasis shifted from the low P 2 ⊥ Regge region to high P 2 ⊥ where Perturbative Quantum Chromodynamics (PQCD) effects could be investigated. A wealth of data have emerged from these polarization experiments, but to a large extent remain unexplained. An example is that of the measurement of A N N at 90
• center of mass scattering in proton-proton elastic scattering (9) . Despite many attempts these data have not been satisfactorily explained and, paradoxically, there appears to have been a lessening of theoretical interest in polarized hadron-hadron scattering, coupled with a decline in the facilities for performing these experiments.
The decline in experiments with polarized targets and hadron beams has been paralleled by a surge of activity at electron machines. The Standard Model, the strong interaction theory of quantum chromodynamics (QCD), tells that the valence quarks and the sea quarks are spin-1/2 objects bound by gluons which are spin-1 objects. The presence of particles with spin inside the hadrons has moved the question of spin phenomena to the forefront; at SLAC and at CERN, the most advanced polarized solid state targets are installed in an electron and muon beam, respectively, for deep inelastic measurements of the spin structure of the nucleon. However, especially in the non-pertubative energy range, the understanding of the saturation of the color forces is incomplete. In this regime of up to several GeV, a rich program is in progress at the new continuous beam facilities at Bonn, the University of Mainz, MIT-Bates, NIKHEF, and Thomas Jefferson National Accelerator Facility (TJNAF, formerly CEBAF). They all have improved equipment for studying spin effects extensively: polarized targets, polarized electronand γ -beams and polarimeters combined with improved detector set-ups. The first polarized target experiments, using a brand new frozen-spin refrigerator, have already been performed with a tagged photon beam facility at the electron stretcher accelerator ELSA in Bonn (10) . Clearly in the next few years there will be a host of new measurements that should greatly improve our understanding of the structure of nucleons and nuclei.
In this review we discuss the principles of dynamic nuclear polarization. In Section 3, we describe the major pieces of equipment necessary to realize an operational polarized target. The frozen-spin target technique is described in Section 4. In Section 5, we discuss examples of state-of-the-art targets in the context of the experimental programs at various laboratories.
POLARIZATION MECHANISMS
The method of dynamic nuclear polarization (DNP) described in this review was developed in 1953 for metals (Overhauser effect) (11) and in 1958 for solid insulators (solid state effect) (12) (13) (14) . The basic idea-to obtain a high polarization P I = < I Z >/I of nuclear spins-consists of using a microwave field, in a high magnetic field, to transfer the polarization P S = < S Z >/S ≈ −1 of electron spins to these nuclei. The following description of the DNP process is restricted to polarized nucleon targets, i.e. proton and deuteron (neutron), that have been used in numerous nuclear and particle physics experiments during the last three decades. These polarization mechanisms, though, are also valid for polarized nuclei. The main problem with DNP is finding a suitable combination of hydrogen-or deuterium-rich material and a paramagnetic dopant, i.e. material with an unpaired or quasi-free electron. Suitable means that the relaxation time of the electron spins is short (ms) and that of the nucleons is long (min). Molecular hydrogen would be the ideal proton target material, except that at low temperature it devolves to the magnetically inert para-state, with spin zero and, hence, is unpolarizable. However, various practical polarized target materials have been developed in which the paramagnetic centers have been introduced by chemical or radiation methods (see Section 3.5). Since the electron line width is another dominant factor for DNP, there are different DNP schemes. In this section, we start with the description of thermal equilibrium polarization and describe the most important DNP principles, i.e. the solid-state effect (SSE), and the equal spin temperature (EST) theory. Finally we compare the polarization mechanisms.
Thermal Equilibrium Polarization
The starting-point of any general discussion of polarized targets is the magnetic moment of each of the particles of interest, i.e. the electron and proton or deuteron. A polarized target can be assumed to be an ensemble of such particles placed in a high magnetic field and cooled to low temperature. The Zeeman interaction between the magnetic moment µ and the external magnetic field B establishes a set of 2I + 1 sublevels, where the spin I = 1/2 is valid for protons and I = 1 for deuterons. At thermal equilibrium the population of two magnetic sublevels is described by the Boltzmann law
where T is the temperature of the system, k B is the Boltzmann constant, and N 1,2 are the corresponding population numbers of the magnetic sublevels ( Figure  2 ). In using the definition of the polarization of a spin-1/2 system by
) and the vector polarization of a spin-1 system
, the thermal equilibrium polarization is described by
2.
Unfortunately, the magnetic moment of the proton µ p is small and that of the deuteron is even smaller. As a consequence, the nucleon polarization obtained in this way is very small. In a magnetic field of 2.5 Tesla and at a temperature of 1 K, a polarization of only 0.25% for protons and 0.05% for deuterons is obtained. However, electrons with their much higher magnetic moment (µ e = 660µ p ) are highly polarized (92% at 2.5 T and 1 K). Of course, these nucleon polarization values are not very useful for nuclear and particle physics experiments. The technique of DNP, however, allows very high nucleon polarizations to be obtained.
Solid-State Effect
A very simplified description of the solid-state effect can be given as follows: A suitable solid target material with a high concentration of polarizable nucleons is doped with paramagnetic radicals which provide unpaired electron spins. As the magnetic moment of the electron is very much larger than that of the nucleon, the electron polarization is very high. The dipole-dipole interaction between the nucleon and electron spins leads to hyperfine splitting, which provides the contact between both spin species. By applying a suitable RF-field with a frequency very close to the electron spin resonance frequency-about 70 GHz at 2.5 T-the high electron polarization can be transferred to the proton. DNP works because the relaxation time for the nucleon spins is much longer than for the electron spins. The nucleon polarization can be directed either parallel or antiparallel to the applied magnetic field by using slightly different values for the frequency (Figure 2) . No other parameter that can influence the experiment needs to be changed. This is a very important feature of the DNP, as systematic errors are reduced to a very low level.
In a theoretical description of the solid-state effect, one can give a quantum mechanical description of it using a Hamiltonian containing the Zeeman interactions of the nucleon spins and the electron spins only. Because this Hamiltonian has discrete levels, the time development of the system, due to a perturbation such as a microwave field or spin-lattice relaxation, can be reduced to rate equations (15) . These are linear equations giving the time dependence of the probability of finding the system in a certain state. In this model, it is assumed that only one of the forbidden transitions (ν e ± ν n ) is excited. This is valid if the electron spin resonance (ESR) spectrum of the paramagnetic radicals is narrow compared to ν n . The population numbers of the dynamic equilibrium essentially depend on the line width ν e , on the relaxation times of the electrons and the electron-nucleon coupling. These values determine the range of temperature and magnetic field in which dynamic polarization is feasible. In addition, the maximum polarization depends on microwave intensity. Relaxation processes are a limiting factor due mainly to paramagnetic impurities, i.e. such radicals that do not contribute to the build-up of nucleon polarization (see Section 3.7). The model of the solid-state effect describes very well the polarization mechanism in the first successful target material La 2 Mg 3 (NO 3 ) 12 * 24H 2 O (LMN), a crystalline salt doped with neodymium, that provides the unpaired electron spins (1, 16).
Equal Spin Temperature Theory
In the present-day polarized target materials, such as frozen alcohols (chemically doped with free radicals) or ammonia and lithium compounds, in which the radicals are introduced by irradiation (see Section 3.5), the process of dynamic polarization is somewhat different from the simple scheme of the solid-state effect and is described by the theory of equal spin temperature (EST). Spin temperature models become important in those cases where the concentration of the electrons is so high that dipolar interactions of the electron spins cannot 
be neglected in the description. These interactions are weak in comparison to the Zeeman interaction of the electron spins. In this case, the energy levels are not discrete, i.e. there is no uniform energy level for equal spin quantum numbers but rather a band of quasi-continuous states. So it is extremely difficult to describe the time evolution of the system under the influence of a perturbation, such as a microwave field or spin lattice relaxation, by means of rate equations. The population of the states inside such a band, as well as the population of different bands, are described by a Boltzmann distribution with the temperatures T SS and T Z e being the temperatures of the electron spin-spin interaction reservoir (SSI-reservoir) and the electron Zeeman reservoir, respectively. Only in thermodynamic equilibrium, i.e. without microwave irradiation and after certain relaxation processes, are T SS and T Z e identical with the lattice temperature T L (Figure 3a) . The introduction of the temperature T SS is necessary, as the spatial spin distribution by the spin-spin interaction provides an additional energy reservoir that, without relaxation processes, is independent of the Zeeman reservoir and the lattice temperature. In analogy to the heat reservoir of the lattice vibrations (phonons), the energy of this reservoir is characterized by a temperature, which can also have negative values (Figure 3b,c) . This means that the population of the upper levels inside a band is higher than the population of the lower ones. A different T SS at constant T Z e means that on average the number of spins in the magnetic field direction is constant, but the spatial distribution is not. DNP in this spin temperature concept proceeds in two steps:
1. Cooling of the electron SSI-reservoir. In the first step a quantum with the energy h(ν e − ) is absorbed from the microwave field. The energy is divided into two parts-one part hν e that is used to change the electron Zeeman energy and one part h that is absorbed by the electron SSIreservoir. If > 0, this just means that the SSI-reservoir must emit this energy, and it cools down. If < 0, the SSI-reservoir is heated, and T SS may become negative ( Figure 3 ).
2. Heat contact between the electron SSI-reservoir and Zeeman-reservoir of the nucleons (thermal mixing). The second step is the proper thermal mixing process. For this a (forbidden) relaxation process is considered. It consists of a flip-flop of two electron spins together with a flip of nucleon spin. The energy of the electron-Zeeman-reservoir remains unchanged, whereas that of the nucleon-Zeeman-reservoir changes by hν n . In this case, the energy conservation is guaranteed by the SSI-reservoir, as this relaxation mechanism should take place without participation of the lattice. In any such process, the energy hν n is exchanged between both reservoirs. As a consequence T SS and T Z n are equalized. By means of a further mechanism the microwaves can also contribute to this heat contact. The required frequency is close to the electron Larmor frequency also. A detailed description of these processes is given in (17) . The development of the DNP theory in solid targets is described in review talks by A. Abragam (18) and C. D. Jeffries (19) .
Comparison of the Polarization Mechanisms
In these different models that contain some immeasurable parameters, predictions of the absolute polarization values are not possible. Experimentally the above-mentioned polarization mechanisms can easily be distinguished if there are more than one spin species in the sample. If the solid-state effect is valid, the expectation is that the maximum polarization for the nuclei with the same spin but different magnetic moment are found at different microwave frequencies. In the ideal case, nuclear polarization can reach the polarization of the electrons. In the case of equal spin temperatures, the optimum frequency is only given by the cooling of the SSI-reservoir, i.e. optimum polarization for different nuclei can simultaneously be achieved at a unique microwave frequency. Then the polarization is determined by the common spin temperature T SS , and depends only on the magnetic moment of the nucleus, e.g. for spin-1/2:
As long as we are able to measure the polarization of one specific nucleus, all other polarizations in the material can be calculated via generalization of Equation 3 (Brillouin function). Hence, nuclei with a small magnetic moment are handicapped. Experimentally, this spin concept was first verified with samples of D-butanol and D-ethanediol, in which part of H-atoms were replaced by D-atoms (20) . The EST theory has since been experimentally confirmed in other materials. The most recent proof of this theory was with 14 NH 3 ( Figure 4 ), where the 14 N-H system shows equal spin temperatures during the DNP pumping process (21). Figure 5 shows a schematic of a generic polarized target, showing all the necessary subsystems. The polarizable material is cooled to a low temperature (≤1 K), placed in a homogenous magnetic field of 2.5 T or greater and irradiated with microwaves. A nuclear magnetic resonance (NMR) system measures the degree of polarization. Not shown are the standard vacuum and pumping systems and instrumentation.
EQUIPMENT AND TECHNIQUES
The first nuclear experiment (1) and (then) high-energy experiment (2) used lanthanum magnesium nitrate (LMN) doped with a rare earth radical such as neodymium and was cooled by a liquid 4 He evaporation refrigerator to ≈1 K. This material could be polarized to ± 70%. Despite the fact that there were only 3.1% of polarizable protons by weight, many experiments were done with LMN. With the discovery of high polarizations in organic materials, such as propanediol and butanol (≈10% polarizeable protons) at CERN in 1968 (22) , a new class of experiments could be started at various laboratories around the world. These materials required paramagnetic dopants such as Cr (V) or porphyrexide and have a much higher polarization resistance against radiation damage compared to LMN.
A parallel development that also boosted achievable polarizations was the availability of 3 He. 3 He evaporation refrigerators started to be used and provided the ability to cool to ≈0.5 K rather than the 1 K possible with 4 He. Since the polarization is related to exp(− µB kT ), the achievable polarization could, in fact, be doubled. This is shown in Figure 6 , taken from deBoer & Niinikoski (23) . However, the thermal properties of 3 He limit the amount of beam intensity that can be tolerated before the polarization is reduced to an unacceptable level.
Dilution refrigerators soon followed. As they became easier and more reliable to use, they supplanted the 3 He refrigerator. For polarizing, temperatures in the range of 200-400 mK could be maintained and lowered to ≈50 mK for frozen-spin operation when the microwaves were turned off. This added flexibility and ease of operation, similar to a 3 He refrigerator, has made the dilution refrigerator the current choice for a large range of polarized target experiments.
In the late 1970s, it also became clear that further improvements for polarized target experiments could only by achieved through new target materials with an increased polarizeable nucleon content. Today target materials such as NH 3 , ND 3 and 6 LiD are available, which are radiation doped for the DNP process. Due to its very high polarization resistance against radiation damage, ammonia is the standard target material for the latest deep inelastic polarized electron-nucleon experiments (see Section 5), whereas 6 LiD has just started to be used in future experiments 1 of this type (24) . In the present-day materials, a proton polarization of nearly 100% and a deuteron polarization of more than 50% have been obtained using superconducting magnets with magnetic fields ranging from 2.5 to 5 T or even higher.
Finally, another polarization scheme should be mentioned. This is the spin refrigerator concept (25) , in which the electron polarization is transferred to the nucleons without microwaves and with no constraint on magnet uniformity. The technique relies on rotating a crystal of yttrium ethyl sulfate [(C 2 H 5 SO 4 ) 3 · 9H 2 O], doped with ytterbium (Yb), at liquid helium temperatures in a magnetic field. At a rotation of ∼ 90 Hz, the electron polarization of the Yb is approximately constant, and the Yb ion can transfer this polarization through dipole-dipole coupling to a nearby proton. Proton polarizations of 60-80% (26) and in excess of 50% (27) have been reported in two different systems. After the proton has been polarized, the magnetic field is reduced and the polarization held because of the long relaxation time. One disadvantage is that in order to reverse the polarization, the magnetic field must also be reversed. Such targets can be used as a cheaper alternative to dilution refrigerator-based frozen-spin targets where large acceptance is required. Figure 7 Schematic of the 4 He refrigerator described in [Ref. 28] . siphon de transfert = transfer siphon; vers la pompeà He = to the He pump; separateur = separator;écran = shield; exchangeur = exchanger; enceinteà vide = vacuum enclosure; vanneà He liquide = liquid helium (needle) valve; sortie He de gaz du separateur = exit for the separator helium gas; commande de la vanne = valve control; cavité UHF = UHF microwave cavity; guide d'onde UHF = UHF microwave guide.
Cryogenics
4 He AND 3 He EVAPORATION REFRIGERATORS This type of refrigerator, designed by Roubeau (28) and shown in Figure 7 , was used in the first polarized target experiment (1) .
Here, liquid 4 He is fed into a separator pot where the liquid phase is separated from the vapor phase by a sintered copper plate. The cold vapor is pumped away and used to cool the radiation shields and baffles that intercept the radiation heat load. Liquid helium flows through the separator plate into a heat exchanger and then is metered into the target holder (or evaporator) via a needle valve. The pool of liquid in the target holder is pumped on by large capacity Roots pumps to reduce the temperature to ≤1 K. As the cold vapor is pumped away, it exchanges heat with and cools the incoming warm liquid. Services such as microwaves and NMR are also brought into the target cavity. Because of the thermal properties of liquid helium, cooling powers of ≈2 W can be achieved with sufficiently large pumps and can withstand high heat input from particle beams. For the best polarization performance, it is necessary to operate the refrigerator with a high magnetic field, as is the case with the University of Virginia target operating at SLAC. This is discussed in Section 5. In the 3 He evaporation refrigerator, a 4 He refrigerator as described above is wrapped around and mechanically isolated from the 3 He section. In a more elegant version by Herr & Kadansky (29) , the 4 He-part is directly incorporated into the 3 He-refrigerator. The incoming 3 He gas is cooled and eventually liquified by the 4 He section, and it proceeds via heat exchangers and a metering valve into the target holder in a similar way to that described for the 4 He refrigerator. The liquid 3 He is pumped on by sealed Roots pumps to obtain temperatures of ≈0.5K. Because the gas is costly, it is recirculated through the refrigerator in a sealed system, which includes the pumps. 3 He refrigerators are now rarely used in polarized targets because of the versatility of dilution refrigerators. 3 He/ 4 He DILUTION REFRIGERATOR The operation of a 3 He/ 4 He dilution refrigerator is based on special properties of liquid mixtures of 4 He and 3 He. Above 0.88 K 4 He and 3 He are mixable in any ratio, whereas below 0.88 K the liquid consists of two separate phases: a diluted phase, which is 3 He poor, and a 3 Herich concentrated phase (30) . Important for the operation is the fact that in the diluted phase there is a reasonable amount of 3 He (6.4%), down to the lowest temperatures, that can be pumped and used for cooling. The cooling takes place when a 3 He atom is removed from the concentrated phase to the diluted phase. The dilution unit of a 3 He/ 4 He refrigerator consists of a mixing chamber, containing the target material, a heat exchanger and a still. The still temperature is normally adjusted via a heater to 0.8 K. Because of its much higher vapor pressure, compared to 4 He, the 3 He is preferentially boiled off and recirculated. It is liquified inside the refrigerator by heat contact with a separate 4 He circuit and then proceeds through different heat exchangers into the mixing chamber where the target material can be cooled to about 50 mK. A remarkable cooling power can be attained even at the lowest temperature by the development of special heat exchangers for the dilution part (31, 32) . The cooling power of the world's largest 3 He/ 4 He dilution refrigerator is about 1 mW at 50 mK, 15 mW at 100 mK, 400 mW at 300 mK, and reaches 1.3 W at 500 mK; a set of eight Roots pumps in series with a nominal pumping speed of 13,500 m 3 /h for 3 He is used (33) . Nowadays target volumes between 0.2 cm 3 and 3000 cm 3 can be handled by fast loading the mixing chambers of various types of 3 He/ 4 He dilution refrigerators (31, 34) . These are the standard devices for future modern experiments with low-intensity particle beams (see Section 5).
Polarizing Magnets
The polarization that can be obtained with a given material is linked to the value of B/T L as is seen in Figure 6 , which also emphasizes the fact that the spin temperature T SS (hence polarization) depends on the lattice temperature T L . Early polarized targets used iron magnets operating at fields of 2-2.5T and operated at temperatures of 1-1.5K so that 
The main limitation of iron magnets is that, in order to boost the operational field to 2.5 T and maintain the required uniformity, a substantial mass of iron and copper coil restricts access and reduces the acceptance of the experiment. This is particularly true if the polarization direction is required to be in the plane of scattering. Superconducting magnets that could be built with large materialfree apertures changed this. Magnets built in the Helmholtz configuration that have a 100
• aperture for scattered particles in the forward direction and about 35
• for scattering near 90
• are now available (35) . 2 Nearly a 4π aperture for the outgoing particles can be achieved by operating the targets in the frozen-spin mode (see Section 4). For such applications superconducting solenoid magnets are available up to 7 T, 3 which must be used in particle experiments together with so-called holding magnets (see Section 5).
Microwaves
The frequency needed for DNP is about 28 GHz/T, i.e. 140 GHz at 5 T. The required power at a temperature of 1 K is 1-2 mW/g of target material at 2.5 T (70 GHz) and ≈ 20 mW/g at 5 T (140 GHz). The highest power devices available at these frequencies are extended interaction oscillators (EIO); 4 for lower power applications, klystrons, IMPATT, and Gunn diodes are available. Carcinotrons, which used to be the tubes of choice, are no longer manufactured. The power that can be extracted from a tube is inversely related to its operational frequency, and the power absorption in microwave components increases with frequency. Therefore, from the standpoint of microwave power, there is a practical limit for operation at about 210 GHz, corresponding to 7.5 T, unless very low-mass targets are being considered.
The power supply for a given tube should be capable of frequency modulating the microwaves by up to about ±40 MHz around the central frequency. Substantial improvements in maximum polarizations and increased polarization rate have been observed with the frequency modulation method (36).
Nuclear Magnetic Resonance and Polarization Measurement
A spin-I system placed in a magnetic field B shows a Zeeman energy splitting into 2I + 1 levels. These levels are separated in energy byhω L = µ B/I = gµ n B where g is the g-factor of the particle with spin I and µ n is the nuclear Figure 8 Schematic drawing of the Q-meter (NMR) circuit.
magneton. When the spin system is irradiated by an rf field at the Larmor frequency, the spin system either absorbs some energy or the rf induces the spin system to emit energy. The response of a spin system to rf irradiation is described by its magnetic susceptibility
is the dispersive and χ (ω) the absorptive part of the susceptibility. The absolute polarization of the material is proportional to the integral of the absorptive part of the susceptibility (37) .
K is a constant containing the properties of the NMR system concerned. The polarization is measured by the nuclear magnetic resonance (NMR) method, using a series Q-meter (38) , as shown in Figure 8 . Here, the Q-meter is connected to an NMR-coil with inductance L C and resistance r C , that surrounds or is embedded in the target material via a coaxial transmission cable, capacitor C, and damping resistance R that forms a series LRC circuit. Through the inductive coupling between the spins and the coil, the impedance of the coil will become (15)
where η is the filling factor of the coil. As shown in Figure 8 , the circuit is driven by a frequency synthesizer V 0 , which sweeps the rf frequency ω through the Larmor resonance. This causes a change of the inductance of the coil as the target material absorbs or emits energy. The inductance change in turn causes an impedance change in the circuit, which is proportional to the complex output voltage V (ω, χ ) as long as the current is kept constant. At the last stage, a phasesensitive detector (PSD) allows the selection of the real part of the voltage by using the input rf signal as a reference. The voltage is a superposition of both the signal, proportional to χ, and the so called Q-curve, which is the response of the Q-meter to ω in the absence of χ . The Q-curve is measured by setting the B-field so that the Larmor frequency ω L of the spin species is well outside the range of the frequency scan of the Q-meter, where χ vanishes and χ is negligible. The two signals are subtracted and the result is the NMR-signal,
The polarization is calibrated using the calculable polarization P T E (Equation 2) at thermal equilibrium (TE) of the nuclear spins and at the known lattice temperature in a known magnetic field. This is normally done at temperatures in the range 1-2K, where the polarization build-up time is short (less than a few hours). The absolute polarization P is finally obtained by comparing the TE-signal area S T E (ω)dω with that of the enhanced signal area S enh (ω)dω under microwave irradiation,
The polarization can be monitored continuously or sampled. Typical highly polarized NMR signals of protons and deuterons are shown in Figure 9 .
The polarization accuracy P/P is about ±2% for protons and ±2-4% for deuterons. This is achieved by a precise measurement of the temperature and a careful tuning of the NMR-circuit to avoid gain ratio errors of the low frequency amplifiers and non-linearities of the high frequency amplifiers. In addition, the TE signal errors are reduced by using the signal averaging technique to overcome the signal-to-noise ratio problem, which is extremely serious in the case of the deuteron polarization determination. Details about NMR techniques can be found in References (39) (40) (41) (42) (43) (44) (45) .
Finally it should be mentioned that the measured polarization P Z (D) of the deuteron is not identical with that of the neutron P Z (N). The quantum mechanical calculation using Clebsch-Gordan coefficients shows that 75% of the neutron spins in the D-state are antiparallel to the deuteron spins (46) . So
where α D is the probability of the deuteron to be in a D-state. 
Target Materials
Important criteria for the choice of a material suitable for nuclear particle physics experiments are (a) the degree of polarization P, and (b) the dilution factor f , which is the ratio of free polarizable nucleons to the total number of nucleons. When a polarized target (e.g. a proton target) is used in a scattering experiment, a scattering asymmetry A (47) is measured when the number of events N↑ scattered in one direction is compared with the number N↓ scattered when the spin is reversed. For a pure, 100% polarized target, the physics asymmetry A is given by A =
With practical polarized targets, however, a counting rate asymmetry =
is measured and is related to A by
where f and P correct for the fact that the target is not 100% pure nor 100% polarized. Since N↑ + N↓ is proportional to the measuring time, the beamtime t to reach a certain statistical error A shows the following dependency on material properties
where ρ is the density of the material. This expression shows the importance of the values P and f , which have to be optimized.
Further important requirements for the use of a polarized target material are (a) simple target preparation and ease of handling; (b) short polarization buildup time; (c) good polarization resistance against radiation damage, with the possibility to repair the radiation damage (see Section 3.7); and (d ) presence of other polarizable nuclei.
CHEMICALLY DOPED MATERIALS The very nature of the DNP process as described in Section 2 demands that a paramagnetic dopant be introduced into the host target material. A priori, it cannot be predicted which host and dopants are best matched. Even in the early days there was considerable study before it was determined that LMN doped with neodymium could produce proton polarizations of ±70%. The materials used in current polarized targets were only established after many measurements of combinations of host and dopant (17, 48) . For example, butanol is combined with porphyrexide, which is easily mixed in. On the other hand, the diols, including the deuterated forms, worked best with a chromium radical Cr(V) that was introduced via a chemical reaction. Then EHBA, a synthesized form of Cr(V), was introduced (49), followed later by its deuterated counterpart EDBA (50) . This form was mixed in solution with the host, which allowed better control of the doping.
The solid target materials have to be in the form of small pieces, preferably of equal sizes, to provide good and uniform cooling of the material with the liquid helium. For example, 1-butanol containing 5 wt% of water and 4 wt% of EHBA-Cr(V) as the paramagnetic dopant is now an often used material. All the components are either normal or deuterated. Butanol is preferred because, compared to ammonia, it lacks a polarized background and, compared to propanediol, its dilution factor is higher. The material is frozen into spherical beads of about 1.5 mm in diameter by dripping the liquid mixture into liquid nitrogen. Rapid freezing ensures that the material transforms into a glassy state, which is required for the homogeneous distribution of the paramagnetic radicals. Details about the preparation method are given in (51, 52) .
Some materials (53) must be handled at temperatures below that of liquid nitrogen to maintain their amorphous character, while others are spontaneously combustible (54) when exposed to air; neither characteristic lends itself to confidence in being able to produce an operational target.
On the other hand, pentanol-2 stays amorphous up to room temperatures and, when doped with EHBA, has produced polarizations of ≈ 85% in a dilution refrigerator (55) .
Recently, the first results of DNP have been obtained in thin polymer foils and tubes (56) (57) (58) . Protons, deuterons, and 19 F have been polarized at 2.5 T and below 0.3 K using the stable nitroxyl radical TEMPO (59, 60 radical can be easily introduced via a diffusion process. In addition, some promising first results were obtained by doping an organic scintillator material with TEMPO. Mango and co-workers (S. Mango, personal communication) at PSI were able to extract scintillator light from a 10 x 10 x 1 mm 3 sample that had been polarized to 55% at 0.3 K and 2.5 T. Such polarizable materials, which are solid and can be handled at room temperature for at least several hours, could provide new experimental possibilities in nuclear and particle physics along with their obvious practical advantages in the loading of refrigerators. Table 1 lists the properties of the most common target materials used in polarization experiments, and Figure 10 shows a typical polarization build-up curve for butanol and its deuterated complement (20) . RADIATION-DOPED AMMONIA TARGETS Another method to introduce the paramagnetic radicals into solidified target materials (frozen beads or chips) is to irradiate the pure samples. This preparation technique for the DNP was first successfully used with NH 3 (61) and ND 3 (62, 63) . Two different irradiation techniques can be employed, and both make use of high-intensity ionizing particle beams to produce an adequate number of radicals (some 10 19 spins/ml) in a reasonable amount of time: (a) high-temperature irradiation at 80 -90 K; and (b) low-temperature irradiation at 1 K.
Low-temperature irradiation means that the radicals necessary for DNP are produced during the experiment. As high radical densities are wanted in order to reduce polarization build-up time, this preparation method is only suitable in combination with high-intensity beams of ionizing particles, such as electrons or protons.
Detailed studies have shown that it is more advantageous to operate with high-temperature pre-irradiated material (64, 65) . The accumulated flux on ammonia, obtained with high-intensity electron beams from injection linacs, e.g. the 20 MeV injection linac of the BONN electron accelerator or the 30MeV SUNSHINE facility at Stanford University, is 10 16 − 10 17 electrons/cm 2 . Detailed information about the ammonia preparation for DNP can be found in the work of Brown et al (66) . Electron spin resonance (ESR) measurements performed with high-temperature irradiated NH 3 and ND 3 have indicated that the radicals NH 2 and ND 2 , respectively, are responsible for DNP in ammonia (67, 68) . If the samples are kept under liquid nitrogen, the lifetimes of the radicals are in the order of years. As experience shows, ND 3 target preparation is more difficult compared to that of NH 3 . The temperature at which the radicals are produced is decisive. High deuteron polarization values (≥30%) in high-temperature irridiated material can only be achieved by means of an additional low-temperature irradiation (68, 69, 35) . In the case of electron beams, the typical beam flux to achieve best deuteron polarization values is about 4 7 LiH, 6 LiH, and 6 LiD for the DNP process has been done by different groups at Saclay (70) (71) (72) (73) and recently in Bonn (74) . At room temperature, the lithium compounds are in their solid state phase, and the paramagnetic impurities (so-called F-centers) are introduced by irradiation. In contrast to the ammonia targets, the temperature before irradiation has to be 180 ± 2 K where the F-center production efficiency and the targets' mobility and agglomeration probability during the irradiation become optimum for the DNP process. 6 LiD is of special interest as a polarized neutron target with its high dilution factor f = 0.5 for neutrons. Here it is assumed that 6 Li is an alpha nucleus plus a deuteron. This simplified picture is supported by the fact that the magnetic moments of 6 Li and the deuteron differ only by about 3%. Theoretical studies by Schellingerhout et al (75) also support this view. A further advantage is the easy detection of the deuteron or 6 Li TE polarization signal; in LiD, there is no asymmetric splitting of the energy levels in these spin-1 systems due to the vanishing electrical field gradient in the face-centered, cubic lattice structure. Recent measurements demonstrate a high polarization resistance against radiation damage (74, 76 ).
Polarization Build-Up Time
It follows from the definition of the asymmetry that a change of the target polarization direction is necessary, and, to reduce false asymmetries to a very low level, this has to be done as often as possible. A fast polarization build-up time τ combined with a high polarization depends strongly on the paramagnetic radical density. The optimal density varies for different materials and is in the range of 10 19 
−10
20 spins/ml. Finally, the magnetic field and temperature are crucial, e.g. τ is minutes at 1 K and 2.5 T but increases to hours when the temperature is reduced to 250 mK.
Radiation Damage
Polarization is reduced by radiation damage and is a serious problem in experiments performed with the alcohol and diol materials where the radicals for the DNP process are provided by chemical dopants. This phenomenon can be understood qualitatively as follows.
Additional radicals in the target materials are created during the irradiation. These radiation-produced radicals normally have a different g-factor. Compared to the Larmor frequency of chemically induced radicals, the frequency of radiation-produced ones is changed and these additional radicals do not contribute to the DNP process. As radical density increases, it affects the relaxation processes so that the nucleon relaxation time is shortened and nucleon polarization is reduced.
In most cases, however, this polarization reduction can be almost recovered by heating or annealing the target material up to, but not higher than, the devitrification temperature (48) . Part of the polarization is not recovered at each anneal, and the target material has to be changed after about six anneals. The polarization decrease combined with the time-consuming annealing process limited the use of these alcohol and diol materials in experiments with intense proton, electron, or photon beams.
At this point the development of ammonia, with its high polarization resistance to radiation damage, made it the choice for improved experiments of a new generation (see Section 5) . It turned out that the depolarizing dose in NH 3 is more than an order of magnitude higher compared with that of butanol (64, 65) . In addition, the polarization loss in NH 3 can be completely recovered by annealing the sample at a lower temperature (≈77K) than in the case of a butanol sample (≈120 K) and can be repeated many times without loss. The initial increase of deuteron polarization during an experiment is completely different from that observed for the alcohol materials and NH 3 . The hypothesis of a change in the dominant DNP process in ND 3 during the further irradiation (where additional and new deuterated radicals are created) is supported by a remarkable shift of the optimal microwave frequency (64) . Taking all results together, it is clear that the high polarization resistance to radiation damage in ammonia is mainly a consequence of the initial radiation doping of radicals.
FROZEN SPIN TARGETS

Dynamically Polarized
The development of 3 He/ 4 He dilution refrigerators (32) with a base temperature of 50 mK or lower allowed an additional operation mode of polarized targets and made new types of experiments possible. Polarized targets with 4 He or 3 He evaporative cooling have to work in a continuous mode, i.e. with permanent microwave irradiation to maintain the DNP process at 1 K or 0.5 K, respectively. At these temperatures the nucleon polarization relaxation time T 1 is relatively short. This continuous mode operation puts strong constraints on the design of polarizing magnets. Due to the field homogeneity requirements over the entire target volume, the large dimensions of the magnet coils limit the angles for the outgoing particles. This is a serious problem for experiments performed with low-intensity beam, e.g. ace-tagged photon beams. To obtain a reasonable counting rate, a wide opening angle with the ability to simultaneously measure a large kinematical range is needed. This can be achieved through the concept of the frozen spin target. The operation of the frozen spin target is based on the experimental fact that the nucleon polarization relaxation time T 1 is a very strong function of the temperature and magnetic field. T 1 characterizes the polarization decay after switching off the DNP mechanism (microwaves). Typical values for T 1 are minutes at a temperature of 1 K and days below 100 mK. The principle of the frozen spin target operation is to polarize the target material at a high field (e.g. 5 T) and in the temperature range 0.3-0.5 K. Once the target material is optimally polarized, the microwaves are switched off, and the polarization is frozen at temperatures around 50 mK (frozen spin mode). Due to the long proton T 1 at these temperatures, it is possible to reduce the field to a value where the polarization is acceptable (holding field).
An appropriate setting of the holding magnets allows the target polarization to be oriented in different directions (77, 78) and provides good experimental access (see Figure 11) .
With a target temperature around 50 mK, the holding field can be 0.3-0.4 T with an acceptable decay of the polarization. Since the cooling power of the 3 He/ 4 He dilution refrigerators operating at such temperatures is relatively low and the Kapitza resistance (30) large, the beam intensity for experiments with a frozen spin target is limited. The maximum flux hitting a target area of 1 cm (82), and KEK (83) . A new concept of a small superconducting holding magnet placed inside a polarizing refrigerator has been developed (82, 84) and was successfully used in first particle experiments at Bonn (10) and on LEAR (CERN). The coils can be wound as a solenoid or in a split-pair configuration on the inner radiation shield of the refrigerator and can replace the external large superconducting holding magnets (see Figure 12) . The fringe field and its influence on nearby detector components is minimized and that makes it possible to operate polarized solid targets in a 4π-detector (see Section 5). Finally, it should be mentioned that for an optimal operation of a frozen spin target the so-called superradiance effect (85, 86) has to be considered. This polarization-destroying effect occurs only at negative polarization and can be avoided by a proper tuning of the NMR system (87) or magnetic field manipulations (41).
Brute Force Polarized
The method of brute force (or equilibrium) polarization works for every polarized target material. From Equation 2, it follows that, to get high polarizations, very high magnetic fields and very low temperatures are required. In addition, as mentioned earlier in Section 2, molecular hydrogen cannot be used because of the ortho to para conversion at low temperatures. However, in 1967 Honig (88) proposed polarizing frozen HD by the brute force method. An HD target is attractive because (a) the molecule is polarizable at low temperatures; (b) it has a high dilution factor; (c) it contains one neutron, and that can be polarized; and (d ) as it has turned out, the degree of polarization of both the H and D can be manipulated independently. The drawback of the brute force method is that it takes HD a very long time to reach thermal equilibrium at the value of B/T L necessary for high polarizations because the molecule is very weakly coupled to the lattice. However, doping with small concentrations (≈10 −4 ) of ortho-H 2 or para-D 2 (88) to allow spin lattice coupling has led to a faster polarization build-up. This is similar to the situation in DNP targets where the doping leads to faster relaxation to TE. For the HD case, as the polarization builds up, the doped impurities decay to magnetically inert states, the relaxation time T 1 becomes very long again, and the spins are frozen.
The proton polarizations obtained this way are high, ≈80%, but the deuteron polarizations are only about 20%. Moreover, these polarizations are achieved only after waiting for several decay constants of the impurities. For o-H 2 , with a constant of 6.25 days, holding at high field and low temperature (typically 17 T and 15 mK) for 3 to 4 weeks is practical, but for p-D 2 , with a constant of 18.2 days, holding for months is not.
The solution (89) is to use o-H 2 to build up the proton polarization and then, by a technique of adiabatic fast passage, transfer the polarization to the deuteron. This method takes advantage of the dipolar coupling of H and D nuclei in different HD molecules. The process can be repeated several times and deuteron polarizations of about 50% can be expected. The target is maintained at 17 T and 15m K for 40-50 days until the T 1D becomes extremely long again. After this, the target is extracted from the production cryostat, using a special retrieval cryostat, and stored and/or transported in a holding dewar. Finally, the target material can be installed in the in-beam refrigerator and magnet for experiments. The holding temperature and field will depend on the experimental configuration, but 0.5 K and 1-2 T will allow a sufficiently long lifetime to perform most experiments. The target itself is not completely pure HD since there are about 5-10% of aluminum wires imbedded to remove the heat of conversion of o-H 2 to p-H 2 . Secondly, it is obvious that additional heat input into the target will accelerate the polarization decay so such a target can only be used in a low-intensity photon beam or neutron beam. If for any reason the polarization dies, there is no way of replenishing it, and it must be changed, unlike the case of DNP frozen spin targets. Using this operational procedure, four targets can be made at the same time so that they can be stockpiled for an experiment. Within the next year the SPHICE collaboration (90) will use such a target in a measurement of the Gerasimov-Drell-Hearn (GDH) sum rule at the LEGS facility at BNL, and a measurement is proposed at GRAAL (Grenoble) (91).
POLARIZED TARGET EXPERIMENTS
As already mentioned in the Introduction, spin effects using polarized solid targets have been studied in innumerable experiments. The latest results obtained at laboratories that have operated polarized proton and deuteron targets over the last 10 years, i.e. Bonn, Brookhaven, CERN, Dubna, Gatchina, KEK, Kharkov, LAMPF, IHEP Serpukhov, PSI, Saclay, SLAC, and TRIUMF, are given in the proceedings of several symposia (92) (93) (94) (95) (96) . During the last several years, upgraded and improved accelerators, e.g. cw-electron machines, have been built and have started operation. Electron beam polarization technology has also made rapid progress with optical pumping of strained GaAs photocathodes, which yields 80% polarization. (Double) polarization experiments are now planned or under way that address fundamental questions in nucleon and nuclear structure and use real and virtual photons as probes. Table 2 lists the various experimental sites where experiments with polarized targets using electromagnetic probes will be performed.
In the following we discuss some modern polarized solid target equipment, which is used to address some physics goals at various laboratories.
Photoproduction at the Bonn Tagged Photon Facility
Experimentally, photo and electronuclear reactions are a particularly clean instrument to investigate the resonance region and to analyze the multipole content of the individual resonance contributions. With the advent of the new electron facilities, each with large duty-factors, new classes of experiments, including polarization degrees of freedom, have become possible. Such investigations range from threshold production of mesons to detailed studies of the helicity structure in the resonance region.
Pilot experiments with polarized targets have been performed at the Bonn electron accelerator ELSA. Target asymmetry data for the reactions γ p ↑ → π + n and γ p↑ → π 0 p were taken simultaneously with the PHOENICS detector using tagged photons up to 950 MeV. The large angular acceptance of the detector could be retained with the polarized target by employing the technique of the frozen spin target (see Section 5) . The set-up of the frozen spin target is shown in Figure 11 . Special efforts were made to minimize the various wall thicknesses around the polarized target material to reduce unwanted background reactions. Details about the special target area design are given in Reference (97) . The target itself was a 4 cm long, 2.5 cm diameter cylinder filled with beads of butanol. It was polarized in a magnetic field of 5 T. During the datataking period, the spin orientation has been maintained by means of the vertical holding magnet at a field of 0.35 T. At a temperature of about 60 mK, the proton polarization relaxation time T 1 was longer than 5 days. An average polarization of P = 85% and a maximum polarization of P = 98% were achieved. Detailed information and the results of the experiment are given in the work of Dutz et al (79) . The position and the geometry of the large external superconducting holding magnets together with its fringe field did not allow the placement of detector components close to the target region. This was required for the target asymmetry measurement of the reaction γ p ↑ → ηp, especially for the detection of the η → γ γ decay. A top view of the experimental set-up at ELSA is shown in Figure 13 .
This first polarized target experiment belongs to a series of new and improved measurements designed to study eta photoproduction over a large kinematical range with the TAPS detector at MAMI (Mainz) and the PHOENICS experiment at ELSA (98) . Based on the first experience with the internal coil concept (84), a thin superconducting coil has been wound in a split-pair configuration on the inner cooling shield of the dilution refrigerator. The cooling of the 100-µm thick NiTi wire to about 1.2 K has been provided by the contact of the copper carrier to the still. This internal magnet replaced the outer large vertical holding magnet used in the pion production experiments mentioned above. At a holding field of 0.4 T and a temperature of about 60 mK, the relaxation time for the proton polariaztion was approximately a week. The history of the polarization during a run period of two weeks is shown in Figure 14 .
Asymmetry data from threshold to 1150 MeV have been taken at a tagged photon beam intensity of up to 5 · 10 7 photons/sec. The results of the experiment by Bock et al are given in (99) .
Summarizing the operation of the polarized target experiments at the Bonn tagged photon beam facility, which compensates the low beam intensities (<10 8 photons/sec) by a simultaneous measurement over a large energy and angle range:
1. Solid polarized targets must be used that achieve a luminosity of higher than 10 31 /(sec cm 2 ). Acceptable beam intensities are about 5 · 10 7 photons/sec hitting 1 cm 2 target area.
2. In exclusive reactions, kinematical overdetermination allows a clear event separation from background nuclei, which results in a dilution factor of nearly one. 4. Frozen spin targets with internal holding coil equipment can be operated in 4π -detectors.
Measurement of the Gerasimov-Drell-Hearn Sum Rule
The Gerasimov-Drell-Hearn (GDH) sum rule relates the helicity asymmetry of the total cross section for polarized photons on polarized nucleons to the anomalous magnetic moment of the nucleon (100, 101) . Being based on general principles of physics, the GDH sum rule is an important consistency check for the understanding of the hadronic structure. The GDH prediction was formulated in the 1960s, but has never been directly measured. However, an analysis of pion photoproduction by Karliner indicates some problems with the proton-neutron difference for the GDH sum rule (102) . With the modern techniques to produce polarized beams and targets at the new electron accelerators, this situation is expected to change soon. There is a TJNAF proposal (103) to measure the helicity structure of pion photoproduction up to 2.3 GeV, and a collaboration at MAMI (104) plans to obtain new data from threshold to intermediate energies in addition to the direct measurement of the GDH sum rule. Of particular interest is the question whether the sum rule converges as a function of the excitation energy, and if so, how fast.
Additional interest in the GDH sum rule arose when Anselmino et al (105) formulated a connection with the polarized structure function g 1 of the nucleon in the attempt to understand the proton spin problem arising from the results of the EMC experiment (106) . New results have been obtained from SMC and SLAC (see below) and HERMES (107) experiments at high Q 2 . However, there also is a strong call for spin structure studies at low Q 2 . An experiment has been proposed at TJNAF to study the region of 0.25 GeV 2 ≤ Q 2 ≤ 2 GeV 2 , which should show a rapid transition from coherent absorption to incoherent deep inelastic scattering reactions (108, 109) . Latest results in this energy regime have been measured at SLAC (110) . The GDH sum rule gives the prediction at Q 2 = 0 in the following way:
where σ 3/2 , σ 1/2 are the cross sections for parallel and antiparallel spin configurations of the photon and the nucleon, respectively. ν is the photon energy, m and κ are the mass and the anomalous magnetic moment of the nucleon. The proposed experimental test of the GDH sum rule thus requires the measurement of the helicity asymmetry of the total hadronic photoabsorption cross section over a wide range of photon energies, starting from the pion threshold. Measurements at MAMI (Mainz) in the domain of low photon energies (140-800 MeV) start in 1997 and will be continued at ELSA (Bonn) for higher energies up to 3 GeV. The detector set-up for the Mainz measurement is shown in Figure 15 .
To reach the center of the DAPHNE detector, a special ≈2 m long 3 He/ 4 He refrigerator has been constructed, which incorporates the beam pipe in the backward region of the detector. The DAPHNE detector and a 6.5 T polarizing magnet (not shown in Figure 15 ) are mounted on a precise rail system and can be placed around the 3 He/ 4 He refrigerator corresponding to the polarizing or frozen spin (data taking) mode. The spin direction in the frozen spin mode is maintained by a small superconducting magnet placed inside the 3 He/ 4 He dilution refrigerator, as shown in Figure 16 .
The total thickness of the solenoid coil is about 500 µm including the copper carrier, and its field homogeniety is better than 10 −3 over the target area. This uniformity allows monitoring of the target polarization in the frozen spin mode, too (84) . In thep p →¯ experiment at LEAR (CERN), where the target material mass thickness of 0.8 g/cm 2 was only increased by 5% by the surrounding walls and liquid He-content (Reicherz G, et al, private communication), the wall thicknesses, traversed by the outgoing particles, were also minimized. Details about the individual components of the experiment are discussed in Reference (111) .
GDH measurements with similar target equipment are also proposed at TJNAF and SPRING8 to extend the available energy range up to 5 GeV. Planned GDH experiments at LEGS (90) and GRAAL (91) will use brute force polarized HD targets.
Deep Inelastic Scattering and the Spin Structure of the Nucleon
Deep inelastic scattering (DIS) of polarized leptons from polarized nucleons probes the polarization of the quarks inside the nucleon and, from a knowledge of the interaction of the mediating virtual photon with the nucleon, gives a measure of the contribution of the quarks' spin to that of the nucleon. The measurement of the spin-dependent structure function g 1 for both proton and neutron allows a test of the Bjorken sum rule (112), a fundamental prediction of QCD.
In such experiments, a scattering asymmetry A is measured as discussed earlier in Section 3.5, Target Materials. When both the spins of the lepton and nucleon are parallel to the beam direction, the scattering is compared to that when one of the spins is flipped to the antiparallel direction. Then
where P T is the target and P B is the beam polarization. There is also a transverse asymmetry A ⊥ , which can be measured, and its associated spin structure function g 2 evaluated when the nucleon polarization is normal to the beam direction. A ⊥ and g 2 are small. However, the physics asymmetry of interest is A 1 , the virtual-photon nucleon asymmetry, where the virtual photon polarization is connected via the calculable depolarization factor D to the polarization of the incoming lepton. Ignoring a small term involving the transverse asymmetry A ⊥ , then A 1 = A /D. The structure function g 1 is written (again ignoring the small transverse asymmetry term) as
where F 2 and R are unpolarized structure functions, and x is the Bjorken kinematic variable. The first measurements were made at SLAC (E80 & E130) (3, 4) at 5 T and 1 K with a 4 cm long polarized butanol target (113) . Because of the need for high statistics, the availability of a high-intensity polarized electron beam made the experiments possible. In fact, the intensity was limited by target performance and the ability of the butanol to withstand radiation damage.
On the other hand, the EMC experiment at CERN (106) did not have a problem with radiation damage since it used a tertiary beam of polarized muons. Because of its low intensity, it was necessary to increase the luminosity by increasing the target length to about a meter and to take data for long periods. The target material was irradiated ammonia (66) , used because of its high polarizable nucleon content. The target was cooled by a powerful dilution refrigerator, at that time the largest in the world (31) .
The result of the EMC experiment was that almost none of the spin of the nucleon was carried by the quarks, leading to the so-called spin crisis and to the follow-up experiments SMC and E143 described below. In addition, experiments were run to access the neutron spin structure more directly by using 3 He gas targets (114) . 
E143 at SLAC
With the benefit of improvements in target design and radiation-resistant materials, E143 was able in three months to provide high statistics data on g 1 for the proton, deuteron (and neutron) as well as asymmetry measurements on g 2 .
The target used in this experiment is shown in Figure 17 and described in Reference (35) . A beam of about 5 · 10 11 electrons per second at 29 GeV was scattered from 3 cm long polarized ammonia targets ( 15 NH 3 and 15 ND 3 ), which resulted in a luminosity of higher than 10 35 /(sec cm 2 ). The targets were cooled by a 4 He evaporation refrigerator operating at around 1 K with a cooling power of about 1.5 W in a 5 T field. The proton polarization in 14 NH 3 had previously been shown (7) to have a rapid rise to values over 90%, after preirradiation at 90 K. Tests before E143 showed that this was equally true for 15 NH 3 . On the other hand, the deuteron polarization in 15 ND 3 only rose to 13% after the hightemperature irradiation, but a modest additional low-temperature irradiation (discussed in Section 3.5) boosted the achievable polarization finally to ≈ 42%, with frequency modulation applied.
The beam was rastered over the face of the target to prevent local depolarization. Typically, after turning the beam on the target, polarization dropped by a few percent over the course of about 10 minutes due to beam heating of the target volume and, then, declined at a lower rate due to radiation damage. After reducing to a given level, the polarization was refreshed by a target annealing, the polarization reversed, and the cycle repeated. A short history of a 15 NH 3 and 15 ND 3 target is shown in Figure 18 (a) and (b). In the case of the deuteron, the effect of the low-temperature irradiation pushing the polarization to >40% is apparent. The proton polarization, on the other hand, stays relatively flat. Measurements of the 15 N polarizations in both targets and of the residual proton polarizations in the deuteron target were made to correct the asymmetry data. More target details can be found in Reference (35) .
Because the electron beam spin direction was flipped randomly on a pulse-bypulse basis, target polarization did not need to be reversed. However, because of rapid polarization build-up, it was done once or twice a day for consistency checks and for a study of systematic effects. For the same reason a set of data was taken with the magnetic field of the target reversed.
Data on these spin structure measurements have been published by Abe et al (115, 116) .
SMC at CERN
The SMC experiment at CERN was the first to access the neutron spin structure and allow a test of the Bjorken sum rule. 190 GeV polarized µ + mesons were scattered from polarized protons or deuterons in a very large target; the target material was butanol, or in the final year of running, 14 NH 3 . With a beam intensity of ≈10 7 µ/sec, which was more than four orders of magnitude less than at SLAC, the luminosity was increased by having a target two orders of magnitude longer than at SLAC. Even though data were taken for several years, it was not possible to compete statistically with E143. However, the kinematic reach was considerably better than at E143, going to lower Bjorken x values and much higher Q 2 . At first the old EMC target was used, but then an even bigger one was built, cooled by a dilution refrigerator that supplanted the EMC one as the world's Figure 18 The polarization history of (A) protons in 15 NH 3 and (B) deuterons in 15 ND 3 as a function of charge on target. One unit of charge is equivalent to 10 14 electrons. most powerful. It is shown in Figure 19 , connected to a 2.5 T solenoid and is described by Kyynäräinen et al in (33) . The mixing chamber was divided into three parts, with two containing the target material, each 60 cm long, and a 30 cm divider the third part. The target sections were polarized in opposite directions and the divider filled with microwave absorber to prevent cross coupling between the sections. A volume of 2.7 l of butanol or 14 NH 3 was required to fill both sections of the mixing chamber. The dilution refrigerator was capable of a cooling power of 1.3 W at 500 mK, yet it could cool to 50 mK, where Figure 20 The effect of applying microwave frequency modulation to deuterated butanol. The deuteron polarization first builds up to, and flattens off at ∼34% and then the fm is turned on, driving the polarization up rapidly, finally approaching ∼50%.
During the course of the experiment it was found by Adams et al that frequency modulating the microwaves (117) improved the deuteron polarization by almost a factor of 2 and by about 20% for the proton. The effect for the deuteron is shown in Figure 20 .
The data from the latest SMC publications are found in (118, 119) ; SMC ceased data taking in September 1996, after 5 years. Meanwhile a new experiment at SLAC, E155, has extended the measurements of E143 to 50 GeV after taking data from March 1-April 30, 1997.
SUMMARY
The use of solid polarized targets in nuclear and particle physics experiments since the early 1960s has led to better understanding of the role of spin in many interactions. There is now a wealth of data on polarized hadron-hadron interactions, and in recent years several experiments have shed light on the puzzle of where the spin of the nucleon comes from.The first polarized target and the subsequent developments of all aspects of a polarized target system have opened up new experimental possibilities and allowed a choice of approaches to a particular physics problem.
The parallel development of polarized particle beams has enhanced this ability to study some of the outstanding and fundamental problems of particle physics. The Bjorken sum rule in deep inelastic lepton scattering was formulated in 1966, but it has only very recently been confirmed through experiments of the past five years, using state-of-the-art polarized targets. The new electron machines, with their battery of polarized targets, will ensure that in the next few years a similar assault will be made to test the validity of the GerasimovDrell-Hearn sum rule and the relation between these two different physical regimes.
